Abstract A group of soil microbes plays an important role in nitrogen cycling and N2O emissions from natural ecosystem soils. We developed a trait-based biogeochemical model based on an extant process-based biogeochemistry model, the Terrestrial Ecosystem Model (TEM), by incorporating the detailed microbial 10 physiological processes of nitrification. The effect of ammonia-oxidizing archaea (AOA), ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB) was considered in modeling nitrification. The microbial traits including microbial biomass and density were explicitly considered. In addition, nitrogen cycling was coupled with carbon dynamics based on stoichiometry theory between carbon and nitrogen. The model was parameterized using observational data and then applied to quantifying global N2O emissions from global terrestrial ecosystem soils from 15 1990 to 2000. Our estimates of 8.7±1.6 Tg N yr -1 generally agreed with previous estimates during the study period.
Introduction
Nitrogen (N) is the most abundant element in the atmosphere. It accounts for 78% of the Earth's atmosphere. NOx (referring to NO and NO2) is a main pollutant in the air, especially in heavily populated areas.
N2O, a potent greenhouse gas, is also an important oxidizer in chain reactions in the air. Additionally, N is also an important nutrient for almost all living things. For plants and most microbes, N is not only the structural element to 5 build their body, but also a fundamental element for enzyme involving in almost all metabolic processes. Chemical compounds of nitrogen encompass many oxide states ranging from -3 (ammonia) to +5 (N2O5). The cycle of nitrogen can thus be characterized by processes of oxidation and reduction, which is different from other element cycles such as sulfur (S) and phosphorous (P).
Microbial activity plays a crucial part in the Earth's biogeochemical cycles, affecting biological fluxes of 10 H, C, N, O, and S (Falkowski et al., 2008) . In the air and soils, the compounds of N exist in multiple oxidation
states, but most of them are in oxidized states. When N is released from organism cells, it will be oxidized into other forms rapidly. The processes of nitrification and denitrification play an important role in this flow path. These biochemical reactions are highly related to micro-organisms. In the process of nitrification (NH3/NH4 + NO2 -NO3 -), ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB) are the main metabolic labors
Planctomycetales (Kowalchuk and Stephen, 2001) . In terrestrial environment, the population of AOBs is highly impacted by soil moisture, pH, nitrogen input and vegetation. If the soil is polluted, the population will also be profoundly affected. The gene of 16S rRNA sequence determines the ammonia oxidation for AOBs.
Archaea is critically important in the first step of nitrification, which is also one of the most widely distributed microorganisms on the Earth. The total amount of this microbe is in a magnitude of 10 28 cells. The total 5 cell in a human body is about 3.72×10 13 (Bianconi et al., 2013) , so 10 28 is even far more than the total cell number of all human beings in total on the Earth. The dominant gene related to nitrification is ammonia mono-oxygenase (amoA) according to the study in sea (Venter et al., 2004) and soils (Treusch et al., 2005) . Compared to bacteria, which have only a small number of species related to nitrification, there are hundreds of amoA sequences involved in ammonia oxidation. Ammonia oxidized archaea (AOA) can be adapted to more habitats and environments, even 10 including some suboxic zone (Francis et al., 2005) . AOA is much more abundant than AOB (Leininger, et al, 2006) .
These organisms are dominant ammonia oxidizers both in soils and the sea and the activities of these archaea shall be represented in N biogeochemistry models.
Denitrification is a major source of nitric and nitrous oxide emissions into the atmosphere. This process includes several reductive processes and each reaction is performed by a wide range of microorganisms. In 15 denitrification, nitrate is used as the terminal electron acceptor instead of O2. For some bacteria, NO2 -, N2O and NO are the terminal electron acceptor. Compared to nitrification, there are more steps in denitrification (NO3 -NO2 - NO N2ON2). Although the final products are N2, NO and N2O as gases, which means they can escape during the process. If they are dissolved in soils, they will be utilized for the next step of reaction. Primarily, denitrification is catalyzed by bacteria (Torregrosa-Crespo et al., 2016) and archaea (Cabello, Roldá n, & Moreno-Viviá n, 2004), 20 but some fungi (Fusarium oxysporum) can denitrify as well (Shoun et al.,2012) . Denitrifying organisms also belong to bacteria and Archaea. Different species are responsible for certain steps for denitrification. Nitrite reductase (nirK and nirS genes) conducts the reaction from NO2 -to NO (Priemé et al., 2002) . Nitrous oxide reductase (nosZ gene) finishes the last step of denitrificatrion (Kandeler et al., 2006) . Generally, more steps and more microbes are involved in denitrification than in nitrification. This study presented a trait-based model to assess some of these 25 microbial activities that determine the nitrifying processes, particularly the limitation of nutrient supplies. The model describes the metabolisms and reproduction of nitrifying microbes, and their controls under environmental and soil conditions. Numerical simulations of N2O emissions from 1990 to 2000 were performed on both site and global levels. Using the model, our research goals are to examine: (1) whether the detailed soil microbial traits would improve estimating soil emissions of N2O and (2) the role of carbon and nitrogen stoichiometry in nitrification. By using N2O flux data from 80 observational sites, we first calibrate and verify the model. The model is then used to analyze the pattern and seasonal variation of global N2O emissions from natural ecosystem soils from tropical to polar areas.
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Method
Overview
We first revised the core carbon and nitrogen dynamics of TEM (Zhuang et al., 2003) by including more detailed N cycling and microbial dynamics effects ( Figure 1 ). Second, the key parameters in the model were calibrated using site-level observational data for global major vegetation types. Third, the model was tested based on 10 data from 80 observational sites. Finally, the regional and global N2O emissions were estimated with the model for the last decade of the 20 th century. In addition, the model sensitivity to various climate and soil conditions was tested.
Model Modification
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We revised the terrestrial ecosystem model (TEM, Zhuang et al., 2003) to improve the core carbon and nitrogen dynamic module by incorporating the detailed nitrification process at a daily time step. The major processes of nitrogen dynamic module are inherited from Yu (2016) , including the effect of physical conditions on both nitrification and denitrification, and the principles of stoichiometry of carbon and nitrogen dynamics in soils. Details and equations describing nitrification, denitrification and N2O fluxes can be found in Yu (2016) . The model in this 20 study was further incorporated with the effects of the activity and biomass of nitrifier guilds on nitrification (Bouskill et al. 2012) . In addition to the losses from oxidation, the N uptake by microbial biomass and the biomass breakdown by detoxification process were also modeled. The dynamics of ammonia concentration in soils are simulated as: 
Where   2 NO represents the concentration of NO2.
is the oxidization rate by NOB and 2 is the loss in the detoxification.
The consumption rate of NH3 by AOA and AOB is determined by the concentration of NH3 and O2 in the soil. For the simulation of ammonia oxidation by ammonia-oxidizing organism, the cell biomass was considered in 10 the Briggs-Haldane kinetics calculation (Koper et al., 2010) :
Where 3 is the maximum substrate uptake rate for ammonia (M day -1 ). This value varies between different guilds of microbes. The average value for AOB is about 0.5 and the average value for AOA is about 0.6. 3 is the half saturation constant for NH3 (µM) and 2 is the Michaelis-Menten parameter for oxygen (µM) ( Table 1) .
is the total cell biomass for ammonia oxidizing organisms (AOA+AOB).
The consumption of NO2 -is similar to Eq.3:
Where, 2 is the maximum substrate uptake rate for NO2 -(M day -1 ). This value also depends on different 20 guilds, and the value could be from 0.4 to 4 (Bouskill et al., 2012); here 2.0 was used. 2 is the half saturation constant for NH3 (µM) and 2 is the Michaelis-Menten parameter for oxygen (µM). represents the total cell biomass of NOB.
Considering the cell division of microbes, the growth of AOB biomass is (Bouskill et al., 2012 ):
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The first term µ { } is the cell division rate.
) is the nitrifier maximum specific growth rate for ammonia oxidizing organisms (AOO). It is less than 0.1 for AOO, and here 0.05 was used.
{ }represents the constraint of element. It is defined as the cell division of AOO or NOB, which is governed by Droop kinetics (Droop, 1973 ):
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Q is the cellular quota for nitrogen or carbon. It is defined as = ⁄ , = ⁄ , which is the percentage of a certain element in total biomass. For example, the cell division of N for a guild is:
According to the C: N ratio for nitrifiers, the amount of carbon is supposed to be 6.6 to 13.2 times of the amount of Bouskill et al., 2012) . If the ratio of C: N is greater than 1/13.2, the reproduction of microbe is limited by N. In 10 contrast, the process is limited by C if C: N is smaller than 6.6.
The second term indicates the death rate.  is the mortality rate. 
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Similarly, the growth of NOB biomass is (Bouskill et al., 2012 ):
The improved nitrogen dynamic module (NDM) explicitly simulates the effect of climate conditions on nitrogen cycle, and the effects of detailed microbial activities were considered in nitrification and detoxification processes. In addition, the processes of N deposition, mineralization, and denitrification were also modeled. The 20 influence of climate conditions and soil textures on the geochemical reaction conditions (e.g., soil temperature, pH, and oxygen concentration) were also considered. The metabolism and reproduction of microbes, together with several substrates (organic N, ammonia) determine the reaction rate. The soil thermal module (STM) and hydrological module (HM) are inherited from TEM by Zhuang et al (2003) . The NDM utilizes the soil temperature simulated in STM and the soil water content is estimated with HM.
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The values of parameters vary between different biomes and guilds. Based on literature review for the study of nitrifier guilds, the initial values for parameters are given in Table 1 . Our study simulates AOO and NOB as individual guilds for each biome, and a uniform guild density is assumed across the biome.
Data
The N2O observational data from 1980 to 2010 for typical vegetation types were acquired from literature 5 ( 
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The initial values of soil microbial carbon and nitrogen, and the ratio of C:N at the global scale were from a compilation of Global Soil Microbial Biomass Carbon, Nitrogen, and Phosphorus Data set 
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Twelve biomes in the dataset were boreal forest, temperate coniferous forest, temperate broadleaf forest, tropical/subtropical forest, mixed forest, grassland, shrub, tundra, desert, cropland and pasture.
Model Calibration and Validation
The model parameters related to N dynamics was calibrated at the site level for major representative ecosystems. Parameter ranges and initial values were determined based on literature review ( 
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the emission values were calculated into monthly average. The meteorological conditions at the observation sites were retrieved from the original studies. A quarter of the sites were used for calibration and the remaining was used for validation.
Parameterization was conducted only for natural terrestrial ecosystems. Parameters in Table 4 were adjusted individually while other parameters of model were kept as is. The parameters were optimized through 20 altering parameters, iterating model simulations, and calculating the difference between observation and simulation.
We apply the site-level parameters for representative ecosystem types to grid cells at 0.5 o x 0.5 o resolution at the global scale. The ecosystem types are listed in Table 2 and their distributions are from Melillo et al. (1993) .
The field observational sites selected for model calibration and validation spread across major vegetation types and biomes ( Figure. 2). Eighty-one sets of observational data were collected from 60 publications, covering 25 varieties of climate zone from semidry savanna to rainforest, polar to tropical areas. Twenty-six sites were from tropical rainforests, 22 from temperate grassland and savanna, 21 from temperate forests and the rest from 9 other vegetation types. The monthly or daily average temperature varied from -10.5 to 42 °C, with the precipitation from 0.1 to 3962 mm, representing diverse climate conditions.
Model Sensitivity
To test model sensitivity to forcing data, simulations at both site and regional levels were conducted. The monthly average air temperature (TAIR), precipitation (PREC), cloudiness (CLDS) and water vapor pressure (VPR)   5 were changed by ±5%, ±10%, and ±25% for each site and each grid at the global scale, respectively. The soil carbon (SC), soil nitrogen (SN), dry deposit nitrogen, wet deposit nitrogen are changed by ±5%, ±10% and ±25%. When a variable changed at 6 levels, respectively, the rest of them were kept as the original value used for site and regional simulations. The sensitivity of model was tested by comparing the annual emissions in sensitivity simulations with the original one (Table 3) . 10
Statistical Analysis
To compare the observational and simulated data, a linear regression was conducted and the slope and coefficient of determination (R 2 ) were computed. A slope less than 1 indicates the model overestimated the observation, while a slope greater than 1 means the model underestimated the observation. R 2 indicates how well the model captures the variation in observations. The greater R 2 indicates the better model performance. In addition,
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root-mean-square error (RMSE) was calculated to assess the difference between model simulations and observations.
Results
Site-level Calibration and Validation
Model slightly overestimated the observations. For all observational sites (N=81), the average N2O flux is In our previous N2O emission model (Yu, 2016) , the effects of climate and soil conditions were considered, but the activity of nitrifiers and its effects were not explicitly modeled. The previous model had a comparatively smaller R 2 and slope in comparison with observations, but overestimated N2O emissions because the model ignored the N taken up by soil microbes.
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Considering major biomes, the model performs best in temperate forests (R 2 =0.89, slope=0.64), followed by grassland and savanna (R 2 =0.64, slope=1.05), tropical forests (R 2 =0.52, slope=0.61) and others (R 2 = 0.57, slope=0.51). Based on long time experimental data (longer than 6 months), the microbial trait-based model shows a better performance especially in rainforest compared to an earlier process-based model ( Figure 5 ). The improvement on seasonal variation simulation can be partly explained by the highly active microbes in tropical areas. Compared   15 with the tropical area with abundant precipitation, microbes contribute less to nitrogen dynamics, so the discrepancies are less significant. In other typical biomes, the trait-based model also better simulates the seasonal variations of N2O emissions. We recognized the site data in Indonesia from a cropland ecosystem converted from peatlands, which may be with higher N2O emissions than natural ecosystems in the region. This may result in relatively high emissions from this type of land ecosystems in the region.
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Overall, the trait-based model better estimated total emissions and seasonal fluxes of N2O for major natural biomes ( Figure 3 .4). The trait-based model works better when more information of microbial activities is available to distinguish microbial guilds intra and among different biomes.
Model Sensitivity and Uncertainty
Model sensitivity analysis
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The sensitivity analysis of model is conducted by changing climate data and soil data on three different levels and quantifying the percentage changes on model output. In our sensitivity analysis, 6 factors were changed with 3 levels for four separate locations, representing four typical biomes. Regional analyses for each biome type and the global scale were also conducted.
On the global scale, the model is most sensitive to air temperature, precipitation and wet deposit nitrogen.
Compare to the original model, the trait-based model has higher sensitivity to the climatic change (Table 3a) . The change of cloudiness and water vapor pressure had an indirect influence on nitrogen cycle. In most cases, N2O 5 emissions increase with increasing temperature at observational sites (Whitehead, 1995) . In our study, the emissions varied positively with temperature. Increasing temperature by 10% enhances N2O emissions globally, but when elevated by 25% had a negative influence on the emission. On a global scale, the precipitation change has similar effects to the variation of temperature. Observations also indicated that the sudden precipitation change affected soil water conditions significantly, exerting a pronounced positive influence on N2O emissions (Li et al., 2000) .
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Excessive rainfall showed a negative influence because soil oxygen supply is reduced by the reduction of soil pore space. Although anaerobic soil environment favors denitrification, it reduces the respiration of oxidizing organisms significantly, which affects the fixation and mineralization before nitrification and denitrification. The sensitivity to SC and SN is highly related to the available nutrient to microbial activities. Abundant carbon and nitrogen energizes nitrifiers and denitrifiers, stimulating nitrogen cycling in the soil. In general, N2O emissions positively respond to 15 the increase of SN and SC levels. The model is less sensitive to soil nutrient contents than to climate changes.
Overall, our analysis suggested that the trait-based model's sensitivity is similar to the earlier versions of TEM (Zhuang et al., 2012; Qin et al., 2014) Tundra is most sensitive to changing air temperature with a decrease of 6.2% N2O emissions due to a 5% air temperature decrease. Biomes in tropical and dry areas are the least sensitive to temperature variations. Biomes with high precipitation are less sensitive. Tundra is the least sensitive biome among them, where only 0.2% emissions are changed from a 5% change of precipitation, whereas succulent area and savanna show comparatively high sensitivity to precipitation.
In general, model sensitivity analysis suggests that higher temperature within a certain range (15~35 °C) means higher nitrification rate (Zhu& Chen, 2002) and denitrification rate (Stanford et al, 1975) , because the growth 5 rate of nitrifiers is strong temperature dependent and denitrification obeys the first-order kinetic to temperature. The nitrification rate is influenced by the activity of ammonia-oxidizing communities. Although each guild has its own temperature optima, the ammonia oxidation rate reaches its peak around 25~30°C (Ergruder et al., 2009; Prosser, 2011) . Biomes in temperate areas are the most sensitive to temperature change. In tropical zone, the increase of temperature negatively affects N2O emissions.
Excessive precipitation reduces the oxygen content in the soil, directly and indirectly influences the metabolism and growth rate of nitrifiers. Biomes with high precipitation are less influenced by its variation, compared with dry areas. This is because microbes in extreme dry conditions are more sensitive to the soil water keep the activity and growth rate of microbes, and consequently ensure the process of nitrification and denitrification. Overall, N2O emissions are positively related to SC and SN inputs. Less than 3% N2O emission changes are due to 5% to 20% changes in SC, and less than 0.3% N2O emission changes are due to 5% to 20% changes in SN.
Key Parameters and Model Uncertainty
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The parameters related to microbial guilds or vegetation biomes are chosen to conduct uncertainty analysis (Table 4) . Generally, microbes living in tropical rainforests have the highest value of Vmax, which can be partly explained by the biological activity rate (Biederbeck et al., 1973) due to optimum temperature and moisture in the region. Lower values appear in cold zone and dry areas, indicating a lower level of microbial activities. For the parameters related to microbial reactions, such as the half-saturated constant for different elements, the values vary a little between different biomes. The highest K for ammonia and nitrate appear in tropical rainforests because they have the highest soil nitrogen content. In the Briggs-Haldane kinetics and Michaelis-Menten formulation, the uptake process needs a higher K to maintain the substrate value within a reasonable range.
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The percentages change in annual total N2O emissions due to changing parameters show that the most sensitive parameters are the half saturation constants (K) associated with ammonia and nitrate uptake by microbes (Table 5 ). Parameter related to the growth rate of nitrifiers (µmax) shows the lowest sensitivity. The difference between the lowest and highest value is about 50%.
Global Extrapolation
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During the last decade of the 20 th century, the annual average emissions of N2O from soils were 8.7 Tg N yr -1 , with a range from 7.1 to 10.3 Tg N yr 
Major Controls to soil N2O Emissions
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In our simulation, the emission was primarily controlled by soil temperature, soil moisture, soil nutrient content, and nitrogen deposition. The highest N2O emissions are usually due to high temperature and ample precipitation, because increasing soil temperature stimulates microbial activities related to nitrification and denitrification.
Increased temperature within a threshold was generally assumed to enhance the microbial activity 20 (Biederbeck and Campbell, 1973) , to increase the nitrification and denitrification rate, and generally to increase the N2O fluxes on annual scales. The response of microbial activity is greatly affected by temperature but the situation is complex because both the growth rate and respiration component is large. Generally, the respiration rate increases over temperature and the optimum temperature for bacterial growth is around 25-35°C (Pietikä inen, 2005), although for some nitrifiers the optimum temperature lies at 42°C (Painter, 1970) . Studies on the nitrification rate have shown 25 a similar trend by temperature. The optimum temperature ranges between 20°C and 35°C. Below 20°C, the nitrification-denitrification rate drop sharply and there is almost a linear relationship between them. The situation is similar when temperature is above 35°C and the decreasing rate is larger than the increasing rate below 20°C. This is consistent with our sensitivity analysis for different biomes, which indicates that vegetation types in temperate regions were more sensitive to temperature changes than tropical regions. The original temperature in temperate region is likely to be lower than the optimum temperature range, a slightly increase in temperature will thus increase N2O emissions. Lab experiments show that the increase of temperature has positive impacts on N2O emissions, although less significant than the prediction using the Arrhenius equation (BassiriRad, 2000; Zhu and Chen, 2002;  5 Schindlbacher et al, 2004) .
Precipitation is significantly correlated with soil moisture, which strongly influences the microbial activity (Zhao et al., 2016; Castro et al., 2010) , affects the soil oxygen diffusion (Neira et al., 2015) . Rainfall also determines the amount of wet N deposition (Vet et al., 2014) , and consequently influences the N2O emissions. In our sensitivity analysis, increased precipitation was simulated to initially promote the nitrification and denitrification rate, and N2O 10 emissions. Decreasing precipitation has a negative effect on a global scale. However, excessive precipitation inhibits nitrification, because oxygen acts as the electron acceptor in this process. Lower water content may limit the nitrifying bacterial activity by restricting substrate supplies and reducing hydration and activity of enzymes (Stark and Firestone, 1995) . When the soil becomes partially anaerobic with very high water content, nitrifiers will be highly inhibited and most emissions are due to denitrification process. The influence of precipitation is similar to the 15 effects of temperature (Klemedtsson et al., 1988) . The highest N2O production appears within an optimum range of soil moisture levels. The rate increases below the optimum range and sharply decreases with extremely high precipitation. These findings are consistent with previous results (Li et al, 1992; Liu et al, 1996; Prentice et al, 2012; Saikawa et al, 2013) . Biome with dramatic seasonal precipitation changes shows high sensitivity to the change of precipitation, including savanna and temperate grassland. This is consistent with the experimental study, suggesting 20 that rewetting after extreme drought causes a rapid increase of N2O emissions especially in the initial rewetting stage (Guo et al., 2014) .
In our simulation, the change of soil nutrient content did not lead to a significant change of N2O emissions.
Increasing or decreasing soil carbon content by 10% resulted in 1.5%~1.6% change in emissions (Table 3a), which   25 is not as sensitive as the climate conditions. The effect of soil nutrient is complex. Elevated soil carbon availability influences microbial activities. Soil microbial nitrogen uptake and growth rate is regulated by soil carbon content, especially in a carbon limited state (Farrell et al., 2014) . Carbon acts as substrate in denitrification and elevated carbon is expected to enhance the N2O emissions (Holmes et al., 2006) . In the meantime, elevated soil carbon content will increase plant carbon productivity, which further increases the consumption of soil nitrogen. Plants and microorganisms compete for nitrogen in many processes. The increase of plant production may decrease the availability of nitrogen, and consequently inhibit the N2O emissions (Zhu et al., 2017) .
Model limitation and Implication for future studies
5
There are a number of limitations of this study. First, our simulation uncertainty is from model parameterization and uncertain structure due to the incomplete understanding of the processes (Janssen et al., 1994) .
Current parameter values for microbial guilds area mainly come from semi-empirical experiment results, including the measurements in experiments or observations. But these are limited by available observational data: one set of parameter was applied for all biome grids and ignored the microbial diversity in grids with the same biome. Our 10 current trait-based model did not consider nitrogen input from symbiotic and non-symbiotic N fixation, because some N2O emissions may be attributed to N fixation (Cosentino et al., 2015; Flynn et al., 2014; Shah, 2014; Zhong et al., 2009) . At the global scale, N input through nitrogen fixation is comparable to the input through N deposition.
However, there is a large variation existing between land use types, led by the distribution of related bacterial and plants. The contribution of N fixation to total N2O emission is not considered in this study. In addition, the model 15 has not considered the microbial effect on denitrification, which is also an essential process not only under aerobic but also under anaerobic conditions. The effect of denitrifying bacteria is a more complicated problem compared to nitrification. By introducing the effect of denitrifying bacteria will establish a more completed relation between carbon and nitrogen.
Second, uncertain forcing data including climate, soil conditions, and microbial guild assumptions and 20 observational data could also bias our estimates. Significant uncertainty remains for input data, especially for several eco-physiological factors of soil microbes. Climate data and soil data were collected from different sources at 0.5 o x 0.5 o resolution, which may not be suitable for a certain site.
Third, some regions (e.g., North America and Europe) have rich observational data to parameterize the model. Compared to tropical rainforests and temperate forests, observational data from tundra and wet tundra are far 25 less. Further effort on improving observational accuracy and enriching data especially in polar zones would improve the performance of future models.
Conclusions
Most existing process-based models of soil N2O emissions have not considered the effect of the detailed microbial dynamics in a spatially and temporally explicit manner. This study developed and applied a trait-based biogeochemistry model to estimate the global seasonal and spatial variations through the last decade of the 20 th century. The major source of N2O was found to be tropical and temperate forests. The spatial and temporal variation 5 was largely caused by the distribution of microbial traits, soil carbon and nitrogen sizes, as well as different precipitation and temperature regimes. The global soil N2O emissions from global natural ecosystems were estimated to be 8.7 Tg N yr -1 on average. Our study suggested that more experimental data on microbial ecophysiology and N2O fluxes shall be collected to improve future quantification of N2O emissions from global natural ecosystem soils.
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